Abstract. Aberrant DNA methylation on CpG islands is one of the most consistent epigenetic changes in human cancers, and the methylation process is catalyzed by DNA methyltransferase (DNMT). We evaluated i) the mRNA levels of three DNMTs; DNMT1, DNMT3a and DNMT3b, in 25 hepatocellular carcinomas (HCCs), in their corresponding noncancerous liver tissues and in 7 normal livers by using realtime reverse transcriptase-polymerase chain reaction; ii) nuclear expression of DNMT1 and DNMT3a proteins in the HCCs by immunohistochemistry, iii) the methylation status of 5 genes; p16, p15, E-cadherin, HIC-1 and RASSF1A in the same tissues, and iv) the relationships between the above results and the clinicopathological characteristics, including prognosis. The differences in mRNA expression levels for DNMT1, DNMT3a and DNMT3b were statistically significant between HCC and normal livers (p<0.001), HCC and chronic hepatitis (p<0.001) and HCC and cirrhosis (p<0.001). An increase in mRNA expression levels of >4-fold for DNMT3b in HCCs was significantly associated with a poorer overall survival (p=0.027) and shorter metastasis-free survival (p=0.0299). A poorer recurrence-free survival was noted in HCCs with a >4-fold increase in DNMT3a mRNA (p=0.0120). The average numbers of methylated genes were 0, 1.27, 1.38 and 2.72 for normal livers, chronic hepatitis, cirrhosis and HCCs, respectively, and this progressive increase from normal livers to chronic hepatitis/cirrhosis through HCC may suggest that tumor suppressor gene methylation is an early event in hepatocarcinogenesis. These results first suggest that hepatocarcinogenesis involves an increased expression of DNMT1, DNMT3a and DNMT3b mRNA and a progressive increase in the number of methylated genes from normal liver, chronic hepatitis/cirrhosis to HCC and secondly that an increase in the DNMT3a and DNMT3b mRNA levels in HCCs relative to their non-cancerous tissues may be a predictor of poor survival.
Introduction
Gene silencing by aberrant methylation of promoter CpG islands is an epigenetic alteration frequently found in many types of human cancers. The methylation of CpG islands, 0.5-to 2-kb regions rich in cytosine-guanine dinucleotides at the promoter region of approximately half of all human genes, is maintained strictly through DNA replication and mitosis by the action of DNA methyltransferase (DNMT) in normal cells; however, hypermethylation in specific CpG island sequences has been frequently seen in malignancies (1) (2) (3) . The role of hypermethylation on CpG islands has recently been implicated in hepatocarcinogenesis, and the list of tumor suppressor genes affected by such epigenetic silencing in hepatocellular carcinomas (HCCs) is expanding (4) (5) (6) (7) (8) (9) . Moreover, the number of methylating events in HCCs has been demonstrated to be higher than in cirrhotic livers, providing evidence that a stepwise progression of methylating events may be a feature of hepatocarcinogenesis (4, 5, 7) .
Tumor suppressor genes affected by this epigenetic alteration include those associated with cell cycle progression and those related to cell-to-cell adhesion. p15INK4b and p16INK4a encode two cyclin-dependent kinase 4/6 inhibitor proteins and have been shown to be affected by CpG island hypermethylation in HCCs (5) (6) (7) 9, 10) . Inactivation of these two genes results in Rb phosphorylation, entry to the S phase of the cell cycle and subsequent cell proliferation. RASSF1A, a major isoform of RASSF1 located at 3p21.3, is another cell cycle-related tumor suppressor protein which inhibits cyclin D1 and hence induces G1 phase arrest. Methylation of the RASSF1A promoter has been demonstrated at high frequency in many solid tumors, including HCCs, and also in cirrhotic livers and chronic hepatitis (5, 10, 11) . Of the intercellular adhesion-related genes, E-cadherin is a tumor suppressor gene located in 16q22.1 encoding a Ca 2+ -dependent cell adhesion molecule. Methylation of its promoter region has been associated with reduced expression of the protein, resulting in loss of intercellular adhesiveness and tissue destruction in HCCs (12) . In addition, E-cadherin methylation in HCCs has been shown to be associated with a poor prognosis (5) . Another tumor suppressor gene called hypermethylated-in-cancer 1 (HIC-1) has been associated with CpG island hypermethylation in HCCs, and at a lower frequency in cirrhosis and chronic hepatitis (13) .
The mammalian DNMT is encoded by three distinct families of DNMT genes; DNMT1, DNMT2 and DNMT3. DNMT1 is the most abundant DNMT involved in the maintenance of methylation (14) , and DNMT3 functions as de novo methyltransferase and consists of two related genes, DNMT3a and DNMT3b (15) . The function of DNMT2 remains to be revealed (16) . DNMTs catalyze the methylation of CpG islands and are possibly responsible for DNA hypermethylation of tumor suppressor gene promoters in tumorigenesis, as increased expression levels have been demonstrated in human malignancies (1, 17) . With regards to hepatocarcinogenesis, the expression levels of DNMT1 mRNA and protein have been shown to be significantly higher in HCCs compared to non-cancerous liver tissues, DNMT3a mRNA expression either similar or higher in HCCs than in non-neoplastic liver tissues, and expression levels of DNMT3b mRNA consistently higher in HCCs (6, 10, 18, 19) . A recent clinicopathological analysis by Saito et al described a significant correlation between DNMT1 protein expression and lower recurrence-free and overall survival rates in HCC patients (20) . The correlation between the clinicopathological findings of HCCs and the mRNA levels of DNMT1, DNMT3a and DNMT3b, however, remain to be determined. Furthermore, a clear relationship between DNMT mRNA or protein expression and aberrant methylation of tumor suppressor gene promoters has not yet been established (6, 18, 21, 22) .
In this study, we examined the mRNA expression levels of DNMT1, DNMT3a and DNMT3b by real-time quantitative polymerase chain reaction (RT-PCR) in HCC, paired nonneoplastic liver tissue and normal liver tissue, and the immunohistochemical expression of DNMT1 and DNMT3a proteins in HCC. We also determined the methylation status of CpG islands of 5 genes; p16, p15, E-cadherin, HIC-1 and RASSF1A, in the same tissues. The results were correlated with the clinicopathological characteristics of the examined cases, including recurrence and metastasis-free survival and overall survival. Table I . The patient population comprised 16 men and 9 women, with a mean age of 54 years (range, 35-67 years; SD, 9 years). Twenty-two cases were confirmed as being hepatitis B virus-associated by serological studies for hepatitis B virus antigens, 1 case was associated with alcohol abuse and the remaining 2 cases revealed no specific etiology. The histological grades by Edmondson-Steiner for the HCCs were grade 2 for 16 cases and grade 3 for the remaining 9 cases. Vascular invasion was noted in 14 cases, and satellite nodule formation in 6 cases. Histological examination of the non-cancerous liver tissue revealed chronic hepatitis in 11 cases, cirrhosis in 13 cases and histologically normal in 1 case. For comparison, normal liver tissues were also obtained from 7 patients who had undergone surgical resection for metastatic carcinomas, hemangioma or focal nodular hyperplasias.
Materials and methods

Patients
Real-time RT-PCR.
Tissues weighing 20-30 mg were powdered by grinding with a pestle in liquid nitrogen, transferred to a microcentrifuge tube, and homogenized using a QIAshredder (Qiagen, GmbH, Germany). Total RNA was isolated using a Qiagen column, according to the manufacturer's instructions. The total RNA was pretreated with RNase-free DNase I (Takara, Shiga, Japan) for 30 min at room temperature to remove the genomic DNA prior to cDNA synthesis. The cDNA synthesis was performed at 42˚C for 50 min in 20 μl containing 1 μg of the total RNA, 160 pmol of random hexamers (Takara), 200 units of superscript RNase H -reverse transcriptase (Gibco BRL, MD, USA), 20 units of Superasein™ (Ambion, TX, USA), 0.5 mM dNTP, 10 mM DTT and 1X of the first-strand buffer (Gibco BRL), which was further incubated for 15 min at 70˚C to denature the enzyme.
Real-time quantitative RT-PCR for DNMT1, DNMT3a and DNMT3b was performed with Assays-on-Demand™ gene expression products (Applied Biosystems, CA, USA) using the ABI PRISM 7700 sequence detection system (Perkin-Elmer, CA, USA). A standard curve was prepared from 5-fold serial dilutions of the cDNA obtained from the HEK293T cell line, in which the DNMT1, DNMT3a and DNMT3b were highly expressed. The serial dilutions of the cDNA ranged from 0.16-100 ng for DNMT1, DNMT3a and Table I . Clinicopathological features, DNA methyltransferase mRNA levels and immunohistochemistry results of the HCC cases.
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NA, data not available; U, unknown; Alc, alcohol; Nr, normal; T, tumor; and N, non-tumor.
a Deceased due to disease.
-
, and from 0.008-5 ng for the 18S rRNA, which corresponded to the amount of the total RNA. The data obtained for the 18S rRNA was used to normalize the sample-to-sample variations for the amount of input cDNA and to evaluate the quality of the isolated RNA and RT efficiency, and the primers and probe for the 18S rRNA were purchased from ABI (Applied Biosystems). The PCR reaction for individual samples was carried out with 1 μl of the RT reactions, which corresponded to 50 ng of the total RNA, in 25 μl containing 1X TaqMan universal master mix (Applied Biosystems) and 1X Assays-on-Demand™ gene expression assay mix. The 18S rRNA reaction was performed in 25 μl with 50 nM of the primers, 200 nM of the probe and cDNA, corresponding to 0.5 ng of the total RNA. The thermal cycling was initiated with 2 min of incubation at 50˚C to allow the uracil N-glycosylase reaction, followed by 10 min at 95˚C to activate the AmpliTaq gold, and 40 PCR cycles at 95˚C for 15 sec and at 60˚C for 1 min. All measurements included the determination of the five standards and the 'no template' as a negative control, in which water was substituted for the cDNA. Each sample was analyzed in duplicate or triplicate, and the mean values of the C t multiplicate were used for the calculations.
Immunohistochemistry. Formalin-fixed, paraffin-embedded tissues were cut into 4-μm-thick sections and mounted on poly-L-lysine-coated glass slides. Slides were deparaffinized in xylene, rehydrated in graded alcohol and washed in tap water. Endogenous peroxidase activity was blocked by incubating sections in 3% H 2 O 2 . Slides were placed in a pressure cooker with 10 mM sodium citrate buffer, pH 6.0, for antigen retrieval. Mouse monoclonal antibodies for DNMT1 (IMG-261, 60B1220, dilution 1:125) and DNMT3a (IMG-268, 64B1446, dilution 1:125) (both from Imgenex, Table III . DNMT mRNA levels in HCCs and non-cancerous liver tissues. Table II . Primer sequences and conditions for methylation-specific PCR. 
San Diego, CA) were applied for 1 h. After reaction with a biotinylated anti-mouse antibody for 1 h, antigen-antibody complexes were visualized using a streptavidin-horseradish peroxidase conjugate (LSAB kit; Dako, Carpinteria, CA) with diaminobenzidine as a chromogen. Slides were counterstained with Harris' hematoxylin for 3-5 min. Nuclear positivity for the two proteins was evaluated using the scoring system by Choi et al according to the staining intensity (0, negative; 1, mild; 2, moderate; and 3, severe) and proportion of positive cells (0, negative; 1, positive in ≤10%; 2, positive in >10% and ≤33%; 3, positive in >33% and ≤66%; 4, positive in >66% of cells) (19) . The two scores were added in each case, and the expression was graded as -(0), 1+ (1 or 2), 2+ (3-5) and 3+ (6 or 7).
DNA extraction and methylation-specific PCR (MSP).
Tissues were digested in lysis buffer (10 mM Tris, pH 8.5, 10 mM EDTA, 0.5% SDS and 100 mM NaCl) with proteinase K (20 mg/ml, Gibco BRL). Genomic DNA was extracted with phenolchloroform and precipitated with ethanol. Extracted DNA was modified by sodium bisulfite to determine the methylation status of genes by MSP as previously described (23) . PCR for the p16 gene was performed at 94˚C for 5 min, followed by 28 cycles at 94˚C for 1 min, 65˚C for 30 sec and 72˚C for 1 min; the other targets were amplified by 35 cycles. All were finished with an extension for 10 min at 72˚C. Annealing temperatures of other targets are shown in Table II . The 25-μl reaction mixture contained 50 ng of modified DNA, 10 pmol of primers, 0.2 mM dNTPs, and 1 unit of Taq polymerase (Takara, Kyoto, Japan) in 1X PCR buffer (10 mM MgCl 2 ). Three independent MSPs were performed for an individual test gene to determine the DNA methylation status of each sample. Sequences of PCR primers are shown in Table II . The PCR products were analyzed on 2.5% agarose gels, stained with ethidium bromide, and then visualized by UV illumination.
Statistical analysis. Statistical analysis was performed using the SPSS 12.0 software. Differences in mRNA levels between groups were analyzed using the Mann-Whitney U test. Spearman's rank correlation was used to study relationships between continuous variables, including DNMT mRNA levels, DNMT protein expression and various clinicopathological parameters. Disease-free and overall survival rates were determined by the Kaplan-Meier method, and the significance of differences between survival rates was studied using the Log-rank test. Differences or correlations with p-values <0.05 were considered significant.
Results
DNMT mRNA and protein expression in HCC and nonneoplastic livers.
The results of the real-time PCR for the three types of DNMT mRNA are shown in Table I, Table III and in Fig. 1 . The differences in mRNA expression levels for DNMT1 were statistically significant between HCC and normal livers (p<0.001), HCC and chronic hepatitis (p<0.001) and HCC and cirrhosis (p<0.001). Similar findings were demonstrated for DNMT3a mRNA levels (p<0.001 for all three groups) and for DNMT3b mRNA levels (p<0.001
for all three groups). In addition, the DNMT3a mRNA expression levels in normal livers significantly differed from that of chronic hepatitis, cirrhosis and HCC (p=0.020, p=0.008 and p<0.001, respectively). Significant positive correlations were found between mRNA levels of DNMT1 and DNMT3b (p=0.015), and between DNMT3a and DNMT3b (p=0.001) for HCCs. The correlation between mRNA levels of DNMT1 and DNMT3a was weak and not statistically significant (p=0.223). There were no significant correlations between DNMT mRNA expression status and age, sex, tumor size, satellite nodule formation, vascular invasion and Edmondson-Steiner grade. Serum α-fetoprotein levels were found to be positively correlated with the mRNA levels of DNMT3a (p<0.001) and DNMT3b (p=0.004).
The immunohistochemical stain results are shown in Table I and Fig. 2 . All 25 cases of HCC showed at least mild (1+) nuclear expression of DNMT1 protein and the expression was strong (3+) in 4 (16%) cases, while none (0%) of the seven normal control livers demonstrated nuclear expression of DNMT1. Seventeen (68%) of the 25 HCC cases were positive (1+ or 2+) for nuclear DNMT3a expression by immunohistochemistry; the expression pattern of DNMT3a in the normal livers was diffuse cytoplasmic expression, with none (0%) of the seven cases showing nuclear expression. No statistically significant correlations were noted between the mRNA expression levels and nuclear immunohistochemical expression of DNMT1 or DNMT3a; however, there was a tendency for stronger DNMT3a protein expression in HCCs with higher mRNA expression levels (p=0.060).
DNA methylation status of p16, p15, E-cadherin, HIC-1 and RASSF1A in HCC and non-neoplastic livers.
The results of the MSP are shown in Table IV . The average numbers of methylated genes were 0, 1.27, 1.38 and 2.72 for normal livers, chronic hepatitis, cirrhosis and HCCs, respectively. Of the 25 HCCs, 24 (96%) showed methylation of at least one gene, 22 (88%) demonstrated methylation in more than one gene, and methylation of 4 genes was noted in 7 (28%) genes. Methylation in at least one gene was noted in 2 (28.6%) normal livers, 7 (63.6%) chronic hepatitis and 10 (76.9%) cirrhotic livers, and none (0%) of the 24 chronic hepatitis/ cirrhosis cases demonstrated methylation of more than 3 genes. The most frequently methylated genes were RASSF1A (92%), E-cadherin (84%) and HIC-1 (44%) for HCCs. These three genes were also methylated in chronic hepatitis/ cirrhosis, the frequency ranging from 36.4-53.8%. However, p16 and p15 methylation was not demonstrated in chronic hepatitis/cirrhosis, in contrast to HCCs with expression of the two genes at 36 and 12%, respectively.
No significant correlation was noted between mRNA expression levels and protein immunoreactivity for the three DNMTs and DNA methylation status for the 5 tested genes.
The effect of DNMT mRNA expression status and DNA methylation status of p16, p15, E-cadherin, HIC-1 and RASSF1A on patient survival. Follow-up information was available for 24 patients, and the patients were tracked for a mean of 44.9 months (range, 4-71 months). Local recurrence was found in 17 patients (70.8%), from 2 to 47 months (mean, 17 months) after surgical resection. Five patients (20.8%) developed distant metastasis from 0 to 18 months (mean, 6.4 months) after surgical resection. Eight patients (33.3%) died from 4 to 22 months (mean, 14 months) after primary surgical resection.
Kaplan-Meier survival curves were plotted for our HCC patients according to the fold increase in DNMT mRNA expression (Fig. 3 ). An increase in mRNA expression levels >4-fold for DNMT3b in HCCs was significantly associated with a poorer overall survival (p=0.0247) and shorter metastasis-free survival (p=0.0299). A poorer recurrence-free survival was noted in HCCs with >4-fold increase in DNMT3a mRNA (p=0.0120). DNMT1 mRNA levels failed to show any associations with patient survival. There was no Table IV . DNA methylation status on CpG islands in HCCs and non-cancerous liver tissues. --------------------------------------------------------------------------------------------------------- significant relationship between patient survival and the three DNMT mRNA levels when analyzed regardless of the mRNA levels in their non-neoplastic tissues. No significant relationships were found between patient prognosis and the DNA methylation status of p16, p15, E-cadherin, HIC-1 or RASSF1A in HCC.
Discussion
Recently it has been suggested that aberrant DNA methylation on CpG islands is an early and major event during hepatocarcinogenesis, with the number of methylating events increasing along with progression from chronic hepatitis through cirrhosis to dysplastic nodules and HCC (4, 5, 7) . Higher levels of DNMT mRNA or protein observed in HCCs compared to non-neoplastic livers suggest that the enzyme may be at least partly responsible for the epigenetic events in malignant transformation, however, a clear relationship between DNMT expression and promoter gene methylation has not yet been established.
In this study, we have demonstrated a significant increase in the mRNA levels of DNMT1, DNMT3a and DNMT3b in HCCs compared to non-neoplastic livers, including normal, hepatitic and cirrhotic livers (p<0.001), and that there were significant positive correlations between the DNMT mRNA levels (DNMT1 vs DNMT3b and DNMT3a vs DNMT3b) in HCCs. The latter finding is in line with that of Girault et al, who observed that DNMT1, DNMT3a and DNMT3b mRNA expression levels correlated positively with each other in their study of 130 breast cancers and suggested that a common regulatory pathway may exist for these three enzymes (24) . In addition, the mRNA levels of DNMT3a differed significantly between normal livers and chronic hepatitis (p=0.020) and between normal and cirrhotic livers (p=0.008), similar to a previous study that demonstrated significantly higher DNMT3a mRNA levels in chronic hepatitis or cirrhosis than in histologically normal liver tissues (6) . However, no significant differences were noted between normal, hepatitic and cirrhotic livers for DNMT1 and DNMT3b mRNA levels in our study.
Our study is the first to search for a relationship between the mRNA expression levels of all three DNMTs and patient survival, and our follow-up data revealed a poorer overall survival and shorter metastasis-free survival in HCC patients with a 4-fold increase in DNMT3b mRNA levels relative to non-neoplastic liver. In addition, a poorer recurrence-free survival was noted in HCCs with a >4-fold increase in DNMT3a mRNA. However, no significant relationships between DNMT1 mRNA expression and patient outcome, including recurrence, metastasis and overall survival, were noted. In addition, significant correlations between serum α-fetoprotein levels and mRNA levels of DNMT3a and DNMT3b were noted in this study and together with our data on patient outcome, it could be suggested that DNMT3a and DNMT3b mRNA levels are related more closely to the clinical features of HCCs than DNMT1 mRNA levels.
The relationship between DNMT mRNA expression levels and patient prognosis may justify a role for DNMT inhibitor therapy in HCC patients with increased DNMT mRNA levels. Promoter methylation by DNMT has been shown to be potentially reversible with the DNMT inhibitor 5-aza-2'-deoxycytidine shown to induce re-expression of promoter-methylated genes in cell lines in vitro (25) (26) (27) . Thus, the DNMT mRNA expression status of HCCs may have important therapeutic implications.
A progressive increase in the number of methylated genes from normal liver to HCC was noted in our methylationspecific PCR study of five tumor suppressor genes; p16, p15, E-cadherin, HIC-1 and RASSF1A. The average numbers of methylated genes were 0, 1.27, 1.38 and 2.72 for normal livers, chronic hepatitis, cirrhosis and HCCs, respectively. The frequency of methylation of at least one gene was 28.6, 63.6, 76.9, and 96% in normal livers, chronic hepatitis, cirrhosis and HCCs, respectively. However, a high level of epigenetic alteration with methylation in more than 3 genes was not observed in any of the chronic hepatitis/cirrhosis cases compared to 28% of HCCs. The fact that there is an increase in the number of methylated genes for chronic hepatitis and cirrhosis compared to normal livers in our study is a notable finding, as it suggests that tumor suppressor gene methylation may be an early event in hepatocarcinogenesis and that chronic liver disease, such as chronic hepatitis and cirrhosis, may serve as a soil for HCC development. In fact, a significant proportion of hepatocytes in chronic hepatitis and cirrhosis have demonstrated senescence and telomere shortening compared to normal liver (28, 29) . Therefore, disturbances of the cell cycle check-point and DNA repair system might result in the failure to clear or repair damaged hepatocytes.
When comparing the methylation status of the 5 genes (p16, p15, E-cadherin, RASSF1A and HIC-1) between HCCs and chronic hepatitis/cirrhosis, we found that methylation of RASSF1A was found in chronic hepatitis/cirrhosis, although it was much more frequent in HCCs (37.5% in chronic hepatitis/cirrhosis vs. 92% in HCCs, respectively). RASSF1A is a cell cycle-related tumor suppressor protein which inhibits cyclin D1 and subsequently induces G1 phase arrest. Therefore methylation of RASSF1A might permit damaged hepatocytes to proceed further into the cell cycle by escaping G1 phase arrest. Similarly, methylation of E-cadherin was found in the stage of chronic hepatitis/cirrhosis (45.8%), although it was more frequent in HCCs (84%). In contrast, p15 and p16, two cyclin-dependent kinase 4/6 inhibitors, were exclusively methylated in HCCs. The frequency of methylation of HIC-1 was similar between the two groups (44% in HCCs vs. 41.9% in non-neoplastic tissues). This result conforms to that of a previous study by Park et al which demonstrated that HIC-1 was methylated with similar frequencies in HCCs and non-tumoral liver (85.2 vs. 88.9%, respectively) (10). The authors suggested that hemimethylation of HIC-1 may explain this finding as the DNA was observed in both unmethylated and methylated states. Moreover, the observation of hemimethylation of HIC-1 in normal breast ductal tissues and normal prostate epithelium supports the possibility of hemimethylation of HIC-1 in nonneoplastic liver tissues (30, 31) .
There was no significant relationship between the frequency of promoter gene methylation and DNMT mRNA expression levels for the three DNMTs in our HCCs, which is in accord with most in vivo studies of various cancers (6, 18, 21, 22) . It has been suggested that although DNMTs may cause gene inactivation through CpG island hypermethylation, increased DNMT mRNA expression itself may not be sufficient to repress target gene expression and that other mechanisms, such as viral infection, may be involved in gene silencing (10) . Another possible explanation would be the presence of splice variants of DNMT mRNA producing isoforms of the DNMT proteins (32) (33) (34) . In addition, no significant relationships were found between the degree of promoter gene methylation and patient survival or between the methylation status of each individual gene and survival. A more extensive study with a larger patient population and longer follow-up may be necessary to examine such associations.
In conclusion, our study demonstrates that hepatocarcinogenesis involves an increased expression of DNMT1, DNMT3a and DNMT3b mRNA and that there is a progressive increase in the number of methylated genes from normal liver, chronic hepatitis/cirrhosis to HCC. It is also suggested that an increase in the DNMT3a and DNMT3b mRNA levels in HCCs relative to their non-cancerous tissues may be a predictor of poor survival.
